Increased resting-state functional connectivity (rsFC) between the default mode network (DMN) and subgenual anterior cingulate cortex (sgACC) is consistently reported in adults and youth with psychopathologies related to affect dysregulation (e.g. depression, posttraumatic stress disorder). This pattern of increased rsFC is thought to underlie ruminative thought patterns through integration of negative affect (via sgACC) into self-referential operations supported by the DMN. Neurobiological studies in adults show that behavioral activation system (BAS) sensitivity is a potential protective factor against the development of psychopathology, particularly in the context of stress and trauma exposure. However, whether BAS sensitivity is associated with variation in DMNsgACC stress-vulnerability circuitry in youth, particularly those at risk for affect dysregulation, has not yet been studied. This association was tested in a sample of ninety-eight children and adolescents (ages 6-17) at high sociodemographic risk for psychopathology (i.e., urban, lower income, high frequency of violence and abuse exposure). Participants underwent a six-minute resting-state functional magnetic resonance imaging scan. Using a targeted, small-volume corrected approach, we found that youth with higher BAS sensitivity demonstrated lower DMN-sgACC rsFC, suggesting a potential link between the purported protective effects of BAS sensitivity and stress-vulnerability circuitry. This work suggests that interventions that augment BAS sensitivity, such as behavioral activation therapy, may protect against the development of stress-related psychopathology by modifying a critical rumination circuitry in the brain. Such interventions may be especially important for bolstering resiliency in at-risk urban youth, who are disproportionately burdened by early stress and associated psychopathology.
Introduction
Roughly one out of five children and adolescents [youth] in the U.S. are living below the poverty line [1] and over half of all youth report being exposed to one or more types of violence or abuse [2] . These negative early experiences constitute a significant risk factor for the development of psychopathologies related to affect dysregulation [e.g., mood disorders; [3, 4] ]. Fortunately, not every youth who experiences early stressful life events will go on to develop psychopathology [5] . In fact, only as many as 44% and 32% with a history of early stress exposure have been reported to develop childhood-onset and later-onset psychopathology, respectively [6] [7] [8] . Why is it, then, that some youth develop psychopathology while others maintain psychological wellbeing into adulthood, even when both have similar exposure histories? This particular question has motivated the fields of developmental neuroscience and biological psychiatry to identify potential factors that may increase a child's risk for, as well as protect against, the development of psychopathology following exposure to early stress [9] [10] [11] .
Rumination is a well-established risk factor for emotional psychopathology in adults and in youth [12] [13] [14] . Rumination is the tendency to repetitively think about the causes and consequences of one's distressing symptoms, as opposed to its solutions [15] and is a symptom frequently observed in individuals suffering from depressive disorders [16, 17] . Exposure to stressful life events during development has been associated with higher levels of rumination and was recently reported to mediate the longitudinal association between early stress exposure and increases in depressive and anxious symptomology among adolescents and adults [18] . In line with these findings, neuroimaging studies have identified functional alterations in the neural circuitry underlying rumination in adults and youth with depressive disorders [19] [20] [21] . In particular, patients with depressive disorders have increased restingstate functional connectivity (rsFC) between the default mode network (DMN) and subgenual anterior cingulate cortex [sgACC; [22, 23] ]. This pattern of rsFC may reflect ruminative thought patterns through integration of negative affect (via sgACC) into self-referential operations supported by the DMN [22] . Prior research suggests that sgACC-DMN rsFC increases from childhood to young adulthood [24, 25] and heightened DMN-sgACC rsFC is associated with depressive disorder severity as well increased levels of rumination from adolescence to adulthood [26, 27] . Further, heightened DMN-sgACC rsFC is predictive of treatment response [28] , highlighting the relevance of this system for clinical and preventive interventions.
Like rumination, sensitivity of the behavioral activation system (BAS), which regulates motivated and approach behavior, rewardseeking, and positive affect [29] , has also been associated with depressive disorders, but, unlike rumination, may be protective against psychopathology [30] . For instance, onset and severity of depressive symptoms following early stress are often predicted by low BAS sensitivity [31] , whereas higher BAS sensitivity in youth has been associated with decreased risk for psychopathology following stressful life events [32] [33] [34] [35] [36] . Youth with increased BAS sensitivity report less negative affect and depressive symptoms [37] , which may reflect a better ability to disengage from negative mood states and ruminative thought [18, 38] .
Given that the neural circuitry underlying rumination (i.e., DMNsgACC) is altered in individuals with depressive disorders and higher BAS sensitivity is associated with lower rumination [39] , a key unanswered question is whether higher BAS sensitivity is associated with lower (i.e., more normalized) DMN-sgACC rsFC. The purported protective effects of BAS sensitivity against the development of mood disorders may be associated with alterations in this circuitry. A possible link between DMN-sgACC circuitry and BAS sensitivity in youth, in particular, is critical given that affective disorders frequently begin during childhood and adolescence [40] . Identification of early potential neurobiological protective factors may provide novel mechanistic targets for interventions capable of circumventing the onset of psychopathology in at-risk youth.
Here, we tested whether BAS sensitivity affects DMN-sgACC rsFC. Importantly, we tested this prediction in a sample of youth at high risk (i.e., lower income, high incidence of violence and abuse exposure) for the development of stress-related affective disorders [3, 4] . Based on prior studies showing heightened DMN-sgACC rsFC [22, 23] and reduced BAS sensitivity [31, 41] in individuals with depressive/affective disorders, we predicted that higher BAS sensitivity would correspond with lower DMN-sgACC rsFC. We tested for specificity of effects to BAS sensitivity by also evaluating effects of anxiety and depressive symptomology, and environmental risk factors (i.e., violence/abuse exposure, community distress, and household income) on DMN-sgACC circuitry.
Materials and methods

Participants
This study reports on ninety-eight youth (aged 6-17 years, 90% right-handed via parent report) recruited from Detroit, Michigan and the surrounding metro area. Participant demographics and characteristics are provided in Table 1 . Parent-child dyads were recruited via community advertisements and local mental health clinics. Families were compensated for their time. All procedures were approved by the Wayne State University Institutional Review Board. All parent and youth participants completed informed consent and/or assent, respectively.
A relatively wide age range was included to examine neural correlates of BAS sensitivity prior to and during adolescence, a critical developmental period that is considered to be high risk for the development of depressive symptomology [40] . Thus, we additionally tested for effects of age on neural correlates of BAS sensitivity, which may shed new light on developmental changes in protective factors and/or periods of sensitivity for intervention.
Given inherent differences in comprehension ability across the wide age range, participants were assisted by research staff in completing all self-report measures. Specifically, research staff read questions aloud to the participants, provided explanation and clarification when necessary, and made sure younger children understood the questions. [42] . The mean score (2.83) corresponds to the 'early-mid' pubertal stage. Community distress scores were derived from the Distressed Communities Index (http://eig.org/dci). Ranging from 0 to 100, high scores represent high economic distress.
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Inclusion/exclusion criteria
Eligible participants were native English speakers and free of magnetic resonance imaging (MRI) contraindications. Youth with past or present pervasive developmental, neurological, or physical disorder which could affect brain functioning were excluded. Youth were not excluded on the basis of medication use, but medication use was noted and tested as a potential confounding factor. Six participants reported taking psychotropic medications: amphetamine (n = 2), atomoxetine (n = 1), somatropin injection (n = 1), diazepam (n = 1), melatonin (n = 1), selective serotonin reuptake inhibitor (n = 2), and levothyroxine (n = 1). Follow-up analyses excluding these six participants yielded no changes to results.
Pubertal maturation and intelligence
In addition to reporting their age, participants also provided selfreports of pubertal maturation using the Tanner Scale [42] . The Tanner Scale measures physical development based on reported appearance of primary and secondary sex characteristics. In this sample, 53.7% of participants were characterized as 'early-to-mid' pubertal (Tanner stages 1 or 2), and 46.3% were 'mid-to-late' pubertal (Tanner stages 3, 4, or 5).
Intelligence quotient (IQ) was estimated using the Kaufman Brief Intelligence Test [KBIT-2; [43] ]. Overall, the sample had an 'average' IQ (see Table 1 ).
Behavioral activation system sensitivity
BAS sensitivity was assessed using the Behavioral Inhibition and Activation Scales [BIS/BAS; [44] ], which has been validated and widely used in youth as young as 6 years old [37, [45] [46] [47] . Following prior work, BAS sensitivity was computed as the total sum score of BAS items (Cronbach's alpha 0.79), covering a range of reward and motivated behaviors, e.g., drive, fun seeking, reward responsiveness [48, 49] . Participants rated each statement on a 1-4 scale (1 = very false for me, 4 = very true for me). Sample items include: When good things happen to me, it affects me strongly; when I'm doing well at something, I love to keep at it; when I get something I want, I feel excited and energized. Higher scores indicate higher BAS sensitivity. In our sample, the average of the three BAS sub-scales (M = 13.41, SD = 1.71) was similar to previous findings in a sample of 284 children between the ages of 8 and 12 [M = 16.85, SD = 6.39; [50] ].
Anxiety and depressive symptomology
Anxiety and depressive symptomology was measured using the selfreport 41-item Screen for Child Anxiety Related Emotional Disorders [SCR-Child; [51] ] and the 10-item Children's Depression Inventory Short Form [CDI-S; [52] ], respectively. Of note, this version of the CDI captures symptoms of depression related to negative affect, rather than positive affect (e.g., anhedonia, reward sensitivity).
Trauma exposure
Based on parent and/or child endorsements, participants who experienced at least one trauma indicated on the Children's Trauma Assessment Center Screen Checklist were classified as "trauma-exposed" (n = 43; see Table 1 ). "Trauma" was defined here as threats to safety (e.g., abuse, violence exposure) and deprivation (e.g., neglect), distinct but central trauma types [8] . Three checklist items were excluded to narrow trauma to these types: (i) exposure to drug activity, (ii) parental/caregiver drug use/substance abuse, and (iii) frequent and multiple moves or homelessness. Of the trauma-exposed participants (44%), nearly 56% endorsed exposure to more than one trauma type (see Table 1 ).
Imaging data acquisition
MRI data were acquired using a 3.0 T Siemens MAGNETOM Verio scanner (MRI Research Facility, Wayne State University School of Medicine). After having completed all questionnaires, participants completed a 6-min resting-state scan, during which they were instructed to lay awake with their eyes closed. For most participants (64%), the resting-state scan occurred mid-way through (13-23 min after start) the total scan time (< 60 min), following non-emotional reversal learning and response inhibition tasks. For the remaining participants (36%), the resting-state scan occurred at the very end of the fMRI session. Foam padding was used to minimize motion. Data were combined across two functional magnetic resonance imaging (fMRI) sequences to achieve a larger sample size. Seventy-five participants underwent the following fMRI sequence: 180 volumes, repetition time 
Imaging data preprocessing
Image preprocessing was performed using SPM8 (Statistical Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm/). Images were slice-time corrected, realigned, spatially normalized to the Montreal Neurological Institute (MNI) template, and smoothed using a 6-mm Gaussian kernel. Maximum and mean framewise displacement (FD) across the scan were computed as measures of participant motion.
Resting-state functional connectivity analysis
Connectivity analyses were performed using the CONN fMRI functional connectivity toolbox (version 15.h; http://www.nitrc.org/ projects/conn). Following prior studies of rsFC of the DMN in children [e.g., [53] ], resting-state fMRI volumes were submitted to seedbased connectivity analyses to assess connectivity of the DMN. First, seed time series data were extracted from a DMN mask comprised of three spheres (6 mm radii) centered at Montreal Neurological Institute (MNI) coordinates of peak-valued loci (see Fig. 1, left) . These coordinates were determined by group averaged independent components analysis of intrinsic functional networks identified in an independent N = 65 pediatric sample [ages 6-17; [54] ]: Brodmann Area (BA) 29 (retrosplenial cortex; x = 5,y = −53, z = 13), BA 10 (anterior prefrontal cortex; x = −2, y = 57, z = −18), and BA 39 (angular gyrus; x = 52, y = −63, z = 26). Second, time series from this DMN mask was extracted for each participant, connectivity between the mask and the rest of the brain was computed using Pearson's r correlation. Third, r values were then transformed to Z-scores using Fisher's Z-transformation. The resulting DMN connectivity map for each participant was subsequently used for group-level analysis.
Mitigation of potential motion-related artifact
Several complementary approaches were implemented to decrease effects of motion on rsFC estimates: (1) functional image volumes were realigned to the mean, (2) realignment parameters were removed using covariate regression analysis before rsFC was computed, (3) signals from white matter and cerebral spinal fluid were removed using anatomical component correction [aCompCor; [55] ]. (4) Separate followup group analyses were repeated with the addition of maximum and mean FD as nuisance covariates. Results were consistent with main findings, and presented in the results section. (5) Of note, motion was relatively low across the sample (< 0.5 mm FD; see Table 1 ), and motion parameters were not associated with our variable of interest, BAS sensitivity, r's < 0.11, p's > 0.29.
Statistical analysis
Individual participant maps of DMN connectivity were then submitted to group-level regression analyses, to evaluate the association between BAS sensitivity and DMN connectivity with sgACC. In particular, we performed a regression analysis on individual participant DMN connectivity values in SPM8, with BAS sensitivity as the regressor of interest. In addition, BIS sensitivity, depressive symptoms, and anxiety were each entered as regressors of interest in separate analyses. Age and sequence were entered as nuisance regressors. Results were masked within non-overlapping left (604 voxels) and right (443 voxels) sgACC regions of interest (see Fig. 1, right) , anatomically-defined via cytoarchitectonic probabilistic maps of BA 25 provided in the SPM Anatomy toolbox [56] . A small-volume family-wise error (FWE) corrected threshold of pFWE < 0.05 was applied. Results of complementary whole brain analyses are also examined, using a combined voxelwise threshold of p < 0.001 and a cluster threshold of > 407 voxels, determined by computing the spatial autocorrelation of the data via AFNI's 3dFWHMx and subsequently performing Monte Carlo simulations (10,000 iterations) using 3dClustSim (compile date July 22, 2016; https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClust Sim.html). This corrected whole brain threshold was also used to display DMN connectivity across the sample. All coordinates provided in this report are given in MNI convention.
Results
Demographic and self-report measures
Given that a majority of the participants resided in low-income households and in high-distress communities, the sample is considered to be high sociodemographic risk (see Table 1 ). Although diagnostic testing was not performed, 37% of participants exceeded thresholds suggested for detecting pathological anxiety [SCR > 22; [57] ], and 39% for depression [CDI-S ≥ 3; [58] ; see Table 1 ]. Additionally, 44% of participants reported experiencing one or more traumatic events (Table 1 ) and thus are considered at increased risk for depression and other psychopathology. We did not further dissociate trauma types here, given their high co-occurrence and that no participants endorsed experiencing only neglect. Supporting a link between early stress and psychopathology, trauma-exposed youth reported higher depressive symptoms than their un-exposed counterparts, t(96) = 2.26, p = 0.026. BAS sensitivity was not related to anxiety or depressive symptoms, trauma exposure, community distress, or income, p's > 0.2, suggesting unique distribution of BAS sensitivity. In addition, BAS sensitivity was not linearly or nonlinearly associated with age, p's > 0.3, and did not differ between boys and girls, t(96) = 0.93, p = 0.35.
DMN connectivity across the sample
DMN connectivity across the sample was observed across regions of the medial prefrontal cortex, posterior cingulate cortex, precuneus, and lateral parietal cortex (see Fig. 2 ). This spatial network topology is consistent with prior research [24, 54] . Fig. 1. DMN mask and sgACC region of interest. The DMN mask comprised of three seed regions that represent core nodes of the DMN identified in an independent sample of children pediatric sample [54] . The sgACC region of interest was defined using probabilistic cytoarchitectonic maps of Brodmann Area 25 (SPM Anatomy Toolbox). Abbreviations: DMN, default mode network; sgACC, subgenual anterior cingulate cortex; PFC, prefrontal cortex. Fig. 2 . DMN connectivity across the sample. Displayed at the corrected whole brain threshold of p < 0.001, 407 voxels. Abbreviations: DMN, default mode network.
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Effects of BAS sensitivity on DMN-sgACC connectivity
Controlling, for age, youth reporting higher levels of BAS sensitivity demonstrated lower DMN connectivity with right sgACC (x = 2, y = 8, z = −14; Z = 2.83, 13 voxels, pFWE = 0.033; Fig. 3 ). Controlling for pubertal status in place of age, this result remained significant (p = 0.012). This effect also remained significant when additionally controlling for mean FD, pFWE = 0.032, and maximum FD, pFWE = 0.031. There was a similar effect of reduced DMN connectivity with left sgACC in youth with higher BAS sensitivity, but this effect did not reach significance (x = −2, y = 10, z = −16; Z = 2.68, 27 voxels, pFWE = 0.054). The effect on left sgACC became significant, pFWE = 0.048, or marginally significant, pFWE = 0.05, when controlling for mean FD, and maximum FD, respectively. DMN-sgACC connectivity was not related to depressive symptoms, anxiety symptoms, trauma exposure, community distress, or income, p's > 0.1, suggesting unique effects of BAS sensitivity on this circuitry. Age was not associated with DMN connectivity with left, r(98) = −0.029, p = 0.78, or right sgACC, r(98) = 0.034, p = 0.74. Boys and girls did not differ in DMN connectivity with left, t(96) = 0.33, p = 0.74, or right sgACC, t(96) = 0.27, p = 0.79. Of note, BIS sensitivity, depressive, or anxiety measures had a significant effect on DMN-sgACC FC.
Whole-brain results
No results were significant at the corrected whole-brain threshold.
Discussion
In this study we tested the association of BAS sensitivity, a potential protective factor, on the integrity of a well-established stress vulnerability circuit of the brain (i.e., DMN-sgACC). Importantly, we tested this in a sociodemographic at-risk sample of youth, with a large number of low resource families living in high-distress communities, 57% reporting high levels of anxiety and/or depressive symptoms, and nearly half reporting violence and/or abuse exposure (see Table 1 ). We found that youth reporting higher BAS sensitivity demonstrated lower DMNsgACC connectivity. This is consistent with studies in adults and emerging data in youth showing that higher DMN-sgACC connectivity is associated with depressive disorders and other conditions related to negative affect [22, 23] . In this sample, DMN-sgACC connectivity was not related to negative affect-related depressive symptoms, anxiety symptoms, trauma exposure, or socioeconomic factors, suggesting unique effects of BAS sensitivity on this circuitry. Our findings suggest that the purported protective role of BAS sensitivity against deleterious effects of early stress [32] may be due to its effects on this key stresssusceptibility circuitry in the brain.
Increased DMN-sgACC FC is implicated in stress-vulnerability as it is thought to be a neural substrate of depressive rumination [22] . This model predicts the integration of processes related to self-reference (DMN), negative affect, and behavioral withdrawal/inhibition (sgACC). Here, we found that higher BAS sensitivity was associated with lower DMN-sgACC rsFC in youth. Anxiety or negative-affect related depressive symptoms were not associated with DMN-sgACC circuitry here, which may suggest a relation to positive-affect related disruptions (i.e., BAS) rather than negative affect (e.g., depressed mood, sadness) in this at-risk sample. Although we did not measure ruminative thought here, BAS sensitivity may interfere with behavioral withdrawal or "turning inward," and thus protect against the onset of psychopathology. Indeed, prior research suggests that individuals who are more actively engaged with their environment (i.e., have higher BAS sensitivity) are less susceptible to rumination, which can be thought of as a loss of contact with the immediate environment [59] . These behavioral and psychological effects will be important to test in future research.
Recent conceptual models propose that BAS sensitivity mediates the link between stress and the development of psychopathology [32] . Our results build on these important models by suggesting that BAS sensitivity may influence DMN-sgACC stress vulnerability and rumination circuitry (see Fig. 4 ). BAS sensitivity may protect against abnormal increases in DMN-sgACC connectivity, thus reducing risk for the Fig. 3 . Effects of BAS sensitivity on DMN connectivity. Results significant using a small-volume family-wise error-corrected threshold within anatomically-defined sgACC, pFWE < 0.05. Abbreviations: default mode network, DMN; behavioral activation system, BAS; subgenual anterior cingulate cortex, sgACC. Fig. 4 . BAS sensitivity mediates the link between stress and psychopathology, [modified from Ref [32] ]. Black lines: Prior research indicates increased DMN-sgACC connectivity in stress-related pathology [22] , and that BAS mediates the link between stress exposure and development of psychopathology [32] . Dashed lines: These relationships are likely bidirectional, but have not been tested. BAS sensitivity may have an indirect effect on psychopathology by modifying how early stress impacts behavior. We add to this model (green and orange lines) by showing that BAS may protect against detrimental effects of stress (i.e. development of psychopathology) via its link to DMN-sgACC rumination circuitry in childhood and adolescence. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
A.S. Iadipaolo et al. Behavioural Brain Research 333 (2017) [135] [136] [137] [138] [139] [140] [141] development of psychopathology, particularly in the context of stress. While we observed a link between trauma exposure and increased symptoms of depression in this cross-sectional study, BAS sensitivity was not related to stress exposure (i.e., income, community distress, trauma) or to symptomology. Links among BAS sensitivity, stress exposure, and onset of psychopathology are established in prior prospective studies [60] , suggesting that potential mediating effects of BAS sensitivity, and/or associated DMN-sgACC rsFC may emerge over time, or later in life. For example, early stress may sensitize individuals to stress experienced in adulthood [61] [62] [63] . Additionally, these results may reflect more dynamic and active processes related to resiliency that may not be adequately captured by level of symptomology [64] . Nonetheless, our results suggest a novel link between a protective factor (BAS sensitivity) and known stress-vulnerability circuitry (DMN-sgACC) in at-risk youth. These results generate at least two novel and testable predictions. First, youth showing lower BAS sensitivity and/or increased DMN-sgACC rsFC should demonstrate longitudinal increases in depressive symptomology. The second prediction is that preventive interventions focused on enhancing BAS sensitivity in youth, such as behavioral activation [65] , should lead to reductions in DMN-sgACC rsFC. Other behavioral therapies thought to interfere with habitual depressive rumination might also be associated with changes in DMNsgACC circuitry, for e.g., mindfulness-based interventions [66] . Limitations of this study warrant discussion. For instance, the use of a cross-sectional design precludes investigation into causation, for example, whether BAS sensitivity is protective against the development of psychopathology following early stress. In addition to a longitudinal design, future research may benefit from the addition of objective measures of BAS sensitivity, such as brain or behavioral response to reward, and evaluation of DMN-sgACC circuitry in the context of a rumination task. However, self-reported BAS sensitivity has been shown to correspond with changes in neural response to rewards over time in adolescence [67] , and patterns observed in the resting-state predict individual differences during various tasks [68] . Next, dimensional models of early stress propose that threat (i.e., violence, abuse) and deprivation (i.e., neglect) have different effects on brain development [8] . We did not dissociate trauma types here; given their high co-occurrence and that no participants endorsed experiencing only neglect. Future studies including more discrete experiences of neglect [e.g., institutionalization; [69] ] should be better able to dissociate these.
Conclusion
These data provide new evidence that BAS sensitivity in youth may protect against the development of stress-related psychopathology by interfering with a key stress vulnerability circuitry in the brain [i.e., DMN-sgACC; [22] ]. The link between BAS sensitivity and DMN-sgACC rsFC is worth further investigating as a psychobiological mechanism of resiliency in the context of early stress. Our work also suggests a potential role for interventions that bolster BAS sensitivity, such as behavioral activation therapy, in protecting against the development of psychopathology by modifying DMN-sgACC circuitry. Although this remains to be tested in youth, research on other interventions in adults show initial promise. For example, transcranial magnetic stimulation (TMS) of the dorsolateral prefrontal cortex attenuates increased DMNsgACC connectivity in depressed adults [28] . In this work, the degree of DMN-sgACC connectivity at baseline was predictive of subsequent clinical improvement after TMS, suggesting that this circuitry may not only approximate risk but also predict treatment response. Advances in prevention and intervention strategies may be particularly critical for urban, socioeconomically disadvantaged youth, who are disproportionately burdened by stress and negative mental health outcomes [4, 70] .
